Glycolysis is the initial step of glucose catabolism and is up-regulated in cancer cells (the Warburg Effect). Such shifts toward a glycolytic phenotype have not been explored widely in other biological systems, and the molecular mechanisms underlying the shifts remain unknown. With proteomics, we observed increased glycolysis in disused human diaphragm muscle. In disused muscle, lung cancer, and H 2 O 2 -treated myotubes, we show upregulation of the rate-limiting glycolytic enzyme muscle-type phosphofructokinase (PFKm, >2 fold, P<0.05) and accumulation of lactate (>150%, P<0.05). Using microRNA profiling, we identify miR320a as a regulator of PFKm expression. Reduced miR-320a levels (to ϳ50% of control, P<0.05) are associated with the increased PFKm in each of these diverse systems. Manipulation of miR-320a levels both in vitro and in vivo alters PFKm and lactate levels in the expected directions. Further, miR-320a appears to regulate oxidative stress-induced PFKm expression, and reduced miR-320a allows greater induction of glycolysis in response to H 2 O 2 treatment. We show that this microRNA-mediated regulation occurs through PFKm's 3= untranslated region and that Ets proteins are involved in the regulation of PFKm via miR-320a. These findings suggest that oxidative stress-responsive microRNA-320a may regulate glycolysis broadly within nature.-Tang, H., Lee, M., Sharpe, O., Salamone, L., Noonan, E. J., Hoang, C. D., Levine, S., Robinson, W. H., Shrager, J. B. Oxidative stress-responsive microRNA-320 regulates glycolysis in diverse biological systems. FASEB J. 26, 000 -000 (2012). www.fasebj.org
Cells use glucose to generate the energy [adenosine triphosphate (ATP)] that fuels all cellular processes. Glycolysis is the initial step in glucose catabolism, and its end products, in most tissues under most circumstances, are fed into mitochondrial oxidative phosphorylation. Since 30 of 36 ATP molecules generated during glucose breakdown derive from the Krebs cycle, mitochondria are generally the major source of cellular energy. Although glycolysis represents a less efficient form of ATP production than oxidative phosphorylation, it does play an important role in the bioenergetics of skeletal muscle (1) . Glycolytic activity is up-regulated in skeletal muscles during increased physical activity, particularly under anaerobic conditions (2) (3) (4) . Up-regulation of glycolysis also occurs in many pathological situations outside of skeletal muscle, such as in cancer progression (5, 6) and cellular proliferation (7) .
Mitochondrial oxidative stress may be a primary cause of disordered cellular energy production in some of these scenarios. For example, cancer cells use primarily glycolysis to produce ATP, despite the presence of abundant oxygen, the so-called Warburg effect (or aerobic glycolysis; refs. 8, 9) . This phenotype in cancer cells may stem from a mitochondrial defect (10 -15) and/or from the particular requirement for a highlevel building blocks for synthesis of proteins, nucleic acids, and lipids from the glycolytic intermediates during cancer cell proliferation (8, 16) . Although the underlying causes of the malignant glycolytic phenotype remain controversial, recent studies have shown that oxidative stress does directly contribute to tumor progression (17, 18) . Further, alleviation of mitochondrial oxidative stress via transgenic overexpression of mitochondria-localized catalase is able to reduce tumor grade and metastasis (19) . Thus, understanding whether and how oxidative stress is involved in this glycolytic phenotype may result in novel leads in cancer therapy.
We and others have also identified mitochondrial dysfunction in diaphragm muscle that is noncontracting as a result of full mechanical ventilatory support (20, 21) . Although mechanical ventilation (MV) can be a life-saving intervention in patients with respiratory failure, prolonged MV is associated with the development of diaphragm dysfunction, which is a likely contributor to difficulty separating patients from the ventilator and subsequent complications. Both atrophy of diaphragmatic myofibers and reduced diaphragmatic contractility (i.e., reduced specific force) are thought to contribute to ventilator-induced diaphragm dysfunction (VIDD; ref. 22) . However, the pathogenesis of the "nonatrophy" component of VIDD remains relatively undeveloped. In a rodent MV model, it has been observed that the activities of key respiratory chain enzymes are reduced in MV diaphragm (20) , and in human diaphragm, MV down-regulates genes involved in the mitochondrial respiratory chain (21, 22) .
We hypothesized that this compromised mitochondrial function and the resulting oxidative stress in the diaphragm during MV might lead to increased glycolysis within diaphragmatic myofibers (similar to a proposed pathogenesis of the Warburg effect in cancers) and that this dependence on glycolysis and the consequently insufficient energy supply might provide an explanation for the reduced specific force of diaphragmatic contraction in these circumstances.
We first used proteomics to systemically profile the altered protein expression in MV human diaphragm, and this confirmed that there are important changes in glycolytic pathways. We then used microRNA microarray to examine the regulatory factors that control expression of the gene coding for the ratelimiting glycolytic enzyme phosphofructokinase (PFKm). Given the apparently similar pathogenetic bases of the increased glycolysis seen in MV diaphragm and in cancer cells, we then set out to determine whether the molecular mechanisms underlying this up-regulation are shared. We find that down-regulated microRNA (miR)-320a contributes to the up-regulated PFKm in disused diaphragm, in lung cancer, and in cultured muscle cells in response to oxidative stress. This novel, shared mechanism for increased glycolysis in response to mitochondrial dysfunction in both VIDD and cancer suggests a regulatory mechanism that may control glycolysis broadly across biological systems, as well as providing a potential therapeutic target for cancer.
MATERIALS AND METHODS

Human subjects
Our protocol for MV diaphragm biopsy subjects (organ donors ventilated at least 18 h before biopsy) was approved by the Gift of Life Donor Program, and our protocol for control subjects (typical patients undergoing thoracotomy ventilated 1-2 h prior to biopsy) was approved by the University of Pennsylvania and Stanford Institutional Review Boards. All biopsies were obtained with written informed consent. The inclusion criteria and collection details for MV human diaphragm, vastus, and their control muscles are described in detail in a previous report (21, 22) . The human lung adenocarcinoma tissues and their normal control tissues were harvested during surgery at the Stanford and Veterans Affairs Palo Alto hospitals.
2-Dimensional difference in-gel electrophoresis (2D-DIGE) and protein identification with mass spectrometry (MS)
2D-DIGE and protein ID was performed in collaboration with Applied Biomics (Hayward, CA, USA) and the Veterans Affairs Palo Alto Mass Spectrometry Laboratory. Tissues were sonicated in lysis buffer [30 mM Tris-HCl, pH 8.8, containing 7 M urea, 2 M thiourea, and 4% 3-((3-cholamidopropyl) dimethylammonio)-propanesulfonate (CHAPS)]; the lysates were then centrifuged for 30 min at 14,000 rpm, and the supernatant was collected. Total 30-g protein samples from control and MV groups were labeled with Cy2 and Cy5, respectively, and mixed together to run on immobilized pH gradient (IPG) stripes following the isoelectric focusing (IEF) protocol (Amersham BioSciences, Piscataway, NJ, USA). After the first-dimensional separation on IEF, the IPG strips were transferred into 13.5% SDS-gels. The SDS gels were run at 15°C until the dye front ran out of the gels. Gel images were scanned immediately following the SDS-PAGE using Typhoon TRIO (Amersham BioSciences). The scanned images were then analyzed by Image Quant 6.0 software (Amersham BioSciences), followed by in-gel analysis using DeCyder 6.0 software (Amersham BioSciences). The fold change of the protein expression levels was obtained from in-gel DeCyder analysis. The spots of interest were picked up by Ettan Spot Picker (Amersham BioSciences) based on the in-gel analysis and spot picking design by DeCyder software. The gel spots were digested in-gel with modified porcine trypsin protease (Trypsin Gold; Promega, Madison, WI, USA), desalted by Zip-tip C18 (Millipore, Beford, MA, USA), and subjected to MS for protein identification.
Matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) MS and TOF/TOF tandem MS were performed on an ABI 4700 mass spectrometer (Applied Biosystems, Foster City, CA, USA). MALDI-TOF mass spectra were acquired in reflection positive-ion mode, averaging 2000 -4000 laser shots/ spectrum. TOF/TOF tandem MS fragmentation spectra were acquired for each sample, averaging 2000 -4000 laser shots/ fragmentation spectrum on each of the 5-10 most abundant ions present in each sample to exclude trypsin autolytic peptides and other known background ions.
Both of the resulting peptide mass and the associated fragmentation spectra were submitted to GPS Explorer workstation equipped with MASCOT search engine (Matrix Science, Boston, MA, USA) to search the National Center for Biotechnology Information nonredundant (NCBInr) database (NCBI, Bethesda, MD, USA). Searches were performed without constraining protein molecular weight or isoelectric point, with variable carbamidomethylation of cysteine and oxidation of methionine residues, and with 1 missed cleavage also allowed in the search parameters. Candidates with either protein score confidence interval percentage (CI%) or Ion CI% Ͼ 95 were considered significant.
cDNA cloning and plasmid construction
Total RNAs were reverse transcribed with Superscript II, and cDNA was amplified with PCR by Hi-Fi Taq polymerase. Amplified v-ets erythroblastosis virus E26 oncogene homolog 1 (Ets-1) cDNA was cloned into pcDNA3.1/NT-GFP-TOPO vector. The 3=-untranslated region (UTR) cDNA fragments of PFKm were cloned into pMIR-REPORT luciferase between SpeI and PmeI. The 5= DNA flanking sequence (promoter) of miR-320a (ϳ1 kb) was cloned into a pEL-luciferase vector between HindIII and BamHI. The point mutations were performed with QuickChange sitedirected mutagenesis kit (Agilent/Stratagene, Santa Clara, CA, USA). Primers used for PCR were Ets-1 cDNA: forward, GCCCCCTCAACTCCGGGCACC, reverse, CATGACTAGT-CAGCATCCGG; and 3=-UTR of PFKm: forward, GATC-GACTAGTACCTCTCTGGAGTGAGGGGAATA, reverse: GGATAGTTTAAACCACAGTGACCAGTTGGCATTT. Promoter of miR-320 was forward, TGATCAAGCTTCCACA-GAGTTATGAACACTCG, reverse, AATCAGGATCCGAG-GCCGTCGGATAAATAC. Primers for the PFKm 3=-UTR mutations were mut1 (mutated nucleotides underscored): CATGACTTCTGCCCTATCATGATCTGTCACACAAG; and mut2: TTCCTAAAAATAATCACTGTTTATTTCTTTGT-GAT. Primer for Ets binding site mutation in miR-320a promoter was GAGCCCAGAACATAATAAGCACGTCTG-GCTGTCTTGAATCAACTAGATTCACTGTC.
Cell culture, gene transfection, stable line, and reporter gene assay C2C12 cells were cultured in 10% fetal bovine serum (FBS) and Dulbecco's modified Eagle's medium (DMEM). AntimicroRNAs and pre-microRNAs were all purchased from Ambion. They were transfected into C2C12 cells with Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) at a final concentration of 40 M. After 3 d, proteins were collected from the transfected cell for assays. Constitutive Ets-1 expressed C2C12 cell line was selected after transfection with Ets-1 expression vector with G418 (400 g/ml) for 2 wk, and the pooled selected cells were used for the experiment, with parental c2c12 cells as control.
Gene electroporation was performed as described previously (23) . Briefly, 320 nmol pre-miR-320a or pre-miR-control (Ambion, Austin, TX, USA) was mixed with 4 g pCS2-GFP plasmid and electroporated into tibialis anterior (TA) muscle, respectively. After 7 d, the TA muscles were collected, and GFP ϩ fibers were isolated under fluorescent dissection scope. Total protein was extracted from the GFP ϩ fibers by RIPA buffer and then subjected to Western blot analysis.
The PFKm-3=UTR reporter genes pMIR-reporter-PFKm3=UTR (wild-type and their mutants), as well as the miR-320a promoter reporter gene, were transfected into C2C12 cells with Lipofectamine 2000, together with pre-miR-320a, anti-miR-320a, or pcNDA3.1 Ets-1, as indicated. After 3 d, the cells were lysed and subjected to luciferase assay with Bright-Glo assay kit (Promega) on a luminometer (GloMax 20/20, Promega). The luciferase light values were normalized to ␤-Gal activity from the cotransfected control plasmid CS2-␤-Gal.
Protein extraction and Western blotting
Total cellular proteins were extracted with modified lysis buffer [0.6 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 1 M MgCl 2 , and 1.7 M KCl] with protease inhibitors (Complete Mini; Roche, Indianapolis, IN, USA). Proteins (5-15 g) were separated by 4-12% SDS-PAGE gel for Western blot analysis. Primary antibodies (1:1000 in 5% milk in TBST) were anti-PFK-1 (muscle type, H-55; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and anti-lactate dehydrogenase (LDH)a (Cell Signaling Technology (Carlsbad, CA, USA). The secondary antibody was horseradish peroxidase-conjugated anti-rabbit IgG. SuperSignal West Pico Chemiluminescent Substrate (ThermoScientific, Waltham, MA, USA) was used to detect the signals, and the resulting images were captured by the ChemiDoc XRS System (BioRad, Hercules, CA, USA) for analysis.
Electrophoretic mobility shift assay (EMSA)
The protein and DNA binding ability was measured by EMSA. Briefly, oligo probe was synthesized by Invitrogen with biotin labeled at the 5= end. Oligos of Ets-mutated probe and Ets consensus probe were used for binding competition. In vitro protein translation was performed by TnT Quick Coupled Transcription/Translation kit (Promega) with pcDNA3.1-Ets-1 plasmid as template. Nuclear extracts from C2C12 cells (ϮH 2 O 2 for 4 h at 40 M) were acquired through standard procedure. DNA:protein binding assay was performed and detected with LightShift Chemiluminescent EMSA kit (Thermo Scientific) by following the manufacturer's instructions. The sequence of the DNA probe was GCACTTCCG-GATGT. The competition DNAs used were the known Ets-1 selected consensus sequence ACCGGAAGT (24) and the Ets site mutated DNA fragment (GAGCCCAGAACATAATA-AGCACGTCTGGCTGTCTTGAATCAACTAGATTCACT-GTC; mutated nucleotides underscored).
MicroRNA microarray and data analysis
MicroRNA microarray was performed at the Stanford microarray core facility. Briefly, total RNA was extracted from control (nϭ4) and MV (nϭ4) diaphragm with Trizol, and quality was analyzed with an Agilent Bioanalyzer. RNA (100 ng/sample) was used for single-color microarray on an Agilent microRNA microarray platform. MicroRNA data were further analyzed by GeneSpring GX11 (Agilent). The significantly altered entities were determined at a cutoff of P Ͻ 0.05 with multiple test correction.
Quantitative PCR for mRNA and microRNA
Total RNA was isolated with Trizol (Invitrogen). cDNA synthesis was done with SuperScript II RT kit (Invitrogen), and qPCR for mRNA quantification was performed with SYBR Green ROX Mix (ThermoScientific). Primers are pFKm forward, GGTCCGACACAGTCTCCTGGACCAG, reverse, CCCAGGGTTTTGGCTGCATGGT; and Ets-1 forward, CAG-GATCTGCTCTCCGGCAAAGTA, reverse, CTTGCCTCAC-CACTGCAGGACG. Reverse transcription for microRNA quantification was performed using TaqMan MicroRNA RT Kit (Applied Biosystems) with 20 ng total RNA. qPCR was performed with TaqMan Small RNA Assay system (Applied Biosystems). U6b was used as an internal control.
Biochemical assays
The ATP (Biovision, Milpitas, CA, USA), lactate (Eton, Palo Alto, CA, USA), and pyruvate (Cayman, Ann Arbor, MI, USA) assays were performed per the manufacturers' instructions. Total protein (20 g) from cell extracts was used in the assays. The absorbance level was measured at 490 nM using a microplate reader. The concentrations of the metabolites were calculated using the standards included in the kit.
Bioinformatics and statistical analysis
Bioinformatics analysis was performed with the Database for Annotation, Visualization, and Integrated Discovery (DAVID; http://david.abcc.ncifcrf.gov/) and the KEGG pathway (http://www.genome.jp/kegg/pathway.html). Quantitative results are expressed as means Ϯ se. Student's t test was used to determine significance. Values of P Ͻ 0.05 was considered significant. The statistics in the microarray and 2D-DIGE experiments were calculated by Genespring GX and Decyder software, respectively, using P Ͻ 0.05 as cutoff for significance.
RESULTS
ATP level is low, and proteomics show that glycolysis is up-regulated, in human diaphragm muscle that is noncontractile as a result of MV
To explore the changes in energy metabolism within the diaphragm during disuse resulting from MV, we first measured total ATP level. Diaphragm disuse is associated with a dramatic reduction in measurable ATP. Notably, ATP levels are not significantly altered in the nonrespiratory vastus lateralis muscle (Fig. 1A) , indicating that altered skeletal muscle energy metabolism during MV is specific to ventilatory muscle. It has been reported that MV disables mitochondrial oxidative phosphorylation (20, 21) , which would be expected to reduce ATP production. However, it has been unknown whether MV influences glycolysis (Fig. 1B) . To systemically search for these changes, we employed proteomics with 2D-DIGE (Fig. 1C, D and Table 1 ). With 4 paired diaphragm samples, 102 protein spots were significantly changed at expression levels (PϽ0.05; Supplemental Fig. S1 ). These proteins that were differentially expressed between MV and control diaphragm were subjected to MS for protein identification. Forty-three unique proteins were up-regulated and 24 were down-regulated in MV diaphragm (Supplemental Tables S1 and S2). Using the DAVID bioinformatics tool to identify the altered pathways, we found that glycolysis was the most significantly influenced pathway (Table 2) . Remarkably, proteins related to metabolic changes, such as glycolysis, pyruvate metabolism, and the citric acid cycle constituted 30% of the significantly altered proteins.
PFKm and glycolysis are increased in disused diaphragm muscle
Based on the 2D-DIGE results, 10 glycolytic enzymes are significantly induced in MV human diaphragm (Table 3) Table  2 for summary of the results of proteomics. Significance level was set at P Ͻ 0.05. See Table 3 for results of DAVID bioinformatics and the altered KEGG pathways. Note that glycolytic pathways are by far the most common among the significantly altered pathways (PϽ0.05). Fig. 2A) . The mRNA level of PFKm is also modestly induced in MV diaphragm, although this is less impressive than the change seen at the protein level, suggesting that there might be post-transcriptional regulation of PFKm (Fig. 2B) . In contrast, the levels of PFKm and LDHa in the nonrespiratory muscle, the vastus lateralis, do not change with MV (Fig. 2C) . As a crude measure of enzymatic activity, we measured the metabolite of glucose metabolism, lactate, in MV human diaphragm and limb muscle. The lactic acid level is significantly elevated in MV diaphragm tissue vs. control (Fig. 2D ), but not in vastus lateralis muscle, indicating that MV is associated with accumulation of lactate in respiratory muscle specifically during MV with diaphragm inactivity.
PFKm and glycolysis are also up-regulated in human lung adenocarcinoma and in an in vitro muscle cell oxidative stress model
It has been reported that glycolysis is increased in mouse lung tumors and human lung adenocarcinoma (consistent with the Warburg effect; refs. 25, 26) , but the protein levels of the glycolytic enzymes, PFKm and LDHa, have not been reported in human lung adenocarcinoma. Using Western blot analysis, we find that PFKm and LDHa are each up-regulated in lung adenocarcinoma tissue vs. normal human lung tissue (Fig. 3A) . Consistently, the lactate level in adenocarcinoma is also increased (Fig. 3B) .
We have demonstrated previously that mitochondrial oxidative stress is an upstream event inducing catabolic pathways that appear important in causing VIDD (21) ; mitochondrial defects and associated oxidative stress have also been demonstrated to occur in cancer cells (10 -15, 17-19) . We therefore hypothesized that mitochondrial oxidative stress may underlie the metabolic shift to a glycolytic phenotype in both of these systems. To explore whether oxidative stress is sufficient to induce these changes in energy metabolism, we examined the effect of H 2 O 2 -induced oxidative stress on glycolytic enzyme expression in cultured muscle cells. We find that PFKm is indeed up-regulated in this in vitro oxidative stress model (Fig. 3C) . The level of ATP is reduced, and lactate is increased (Fig. 3D, E) . These results are strikingly similar to the observations in MV human diaphragm and human lung cancer tissue detailed above. It thus appears that oxidative stress may be a central mechanism in the up-regulation of glycolysis seen in cancer and disused diaphragm.
MicroRNA-320a regulates the expression of PFKm
Because the up-regulation of PFkm, the key regulator of glycolytic efficiency, is robust at the protein level but relatively modest at the mRNA level (Table 3 and Fig. 2 ), we suspected that regulation might occur post-transcriptionally, e.g., via microRNAs. To test this hypothesis, we searched for possible microRNA regulators by carrying out microRNA microarray on MV human diaphragm samples. The results demonstrate that 278 microRNAs are significantly (PϽ0.05) down-regulated (by 1.7-to 6-fold), while 3 are upregulated (by 2-to 6-fold; Fig. 4A and Supplemental Table S3 ). To determine whether any of these altered microRNAs are potential regulators of PFKm, we first used TargetScan to search for the microRNA candidates. Comparing these predicted microRNA candidates with the altered microRNAs in our microarray, we identified miR-320a as 1 potential microRNA involved in the regulation of PFKm in disused diaphragm (Fig. 4B) . MiR-320a is a member in the broadly conserved miR-320 family in vertebrates that targets conserved sites on the PFKm 3= UTR, and miR-320a is significantly down-regulated by MV in our microRNA microarray.
To validate the role of miR-320a in regulating PFKm and thereby glycolysis, we first validated the (Fig. 4C) . To investigate whether miR-320a indeed regulates PFKm, we transfected microRNA mimics (pre-miR) and a microRNA antagonist (anti-miR) to manipulate the intracellular levels of microRNAs in cultured muscle cells. As shown in Fig. 4D , intracellular miR320a is induced 250-fold (40 nM) and 300-fold (100 nM) following pre-miR transfection. On the contrary, anti-miR-320a results in ϳ95% reduction of endogenous miR-320a levels. Anti-miR-320a (40 nM) increased PFKm at the protein level, while overexpression of pre-miR-320a (40 nM) suppressed PFKm levels (Fig. 4D) . We also tested the miR-320a effect in the A549 lung cancer cell line, and a similar regulatory effect was observed (Fig. 4E) . To establish that this microRNA-mediated regulation occurs specifically via the PFKm transcript, we constructed a reporter gene by linking the 3= UTR of the PFKm transcript to a luciferase coding sequence (Fig. 4F ). This reporter construct was cotransfected with miR-320a mimics and antagonists. The reporter activity was induced by anti-miR-320a and suppressed by pre-miR-320a (Fig. 4F) , similar to the endogenous protein regulation. On the contrary, the reporter gene with mutations of both potential UTR sequences complementary to miR-320a was not influenced by cotransfected microRNAs (Fig. 4F) . The same result was obtained using a reporter gene without the UTR sequence (Fig. 4F) .
MiR-320a regulates glycolysis in vitro and in vivo and participates in oxidative stress-induced expression of PFKm
Beyond its impact on PFKm expression, knockdown of miR-320a in cultured C2C12 cells also results in increased lactate levels (Fig. 5A) . Interestingly, knockdown of miR-320a sensitizes the cells to H 2 O 2 -induced oxidative stress; i.e., the induction of lactate in response to H 2 O 2 -induced oxidative stress is greater following knockdown of miR-320a (Fig. 5B) . We further demonstrated that miR-320a mediates oxidative stress-induced PFKm expression and glycolysis. Pre-miRs of control or miR-320a were transfected into cultured C2C12 cells; 3 d later, cells were treated with 40 M H 2 O 2 for 24 h. H 2 O 2 -induced lactate level (Fig. 5C ) and PFKm protein (Fig. 5D) were blocked in pre-miR-320a-transfected cells.
To evaluate whether miR-320a regulates glycolysis in vivo, we electroporated pre-miR-320a into mouse TA muscle. We find that the miR-320a level is induced up to 100-fold following electroporation of pre-miR-320a (Fig. 5E ). With this increase in miR320a concentration in skeletal muscle in vivo, there is a reduction in lactate level (Fig. 5F ) and PFKm expression (Fig. 5G) , as predicted by the in vitro experiments.
Expression of miR-320a is regulated by Ets-1 transcription factor
In an effort to understand how miR-320a is regulated in response to oxidative stress-associated events such as those known to be present in our human VIDD, human cancer, and in vitro H 2 O 2 -treated muscle cell models, we focused on Ets proteins. We chose Ets proteins because they are known to participate in the regulation of both cell progression and energy metabolism (27) . We find that Ets-1 expression is in fact increased in MV human diaphragm, lung cancer, and C2C12 cells in response to H 2 O 2 treatment, vs. each of their controls (Fig. 6A-C) .
To determine whether Ets proteins are able to regulate the expression of miR-320a, C2C12 cells were transfected with an Ets-1 constitutive expression vector. Overexpression of Ets-1 suppresses the expression of miR-320a (Fig. 6D ) and results in up-regulation of PFKm (Fig. 6E) . Introduction of pre-miR-320a into Ets-1 overexpressing C2C12 cells blocks the Ets-1 induced PFKm expression (Fig. 6F) , indicating that Ets-1 induced PFKm via, at least in part, reduction of miR320a. We next cloned the miR-320a promoter sequence and found that there is a conserved Ets binding site in the promoter sequence. The miR-320a promoter reporter construct was then cotransfected with the Ets-1 vector, and we found that promoter activity was significantly suppressed (Fig. 6G) , whereas the promoter reporter with a mutated Ets binding site was not significantly influenced. We further examined by EMSA whether this predicted Ets binding DNA element can bind Ets protein. In vitro translated Ets protein was able to bind to this DNA element (Fig. 6H, left panel) . The nuclear extract from C2C12 muscle cells can also bind to this DNA element, and the binding ability is induced by H 2 O 2 treatment. However, Ets-1-selected consensus DNA sequence, but not the Ets-mutated sequence, strongly competed with this DNA:protein interaction (Fig. 6H, right panel) . Taken together, these experiments demonstrate that the Ets-1 protein regulates miR-320a and contributes to the shift to a glycolytic phenotype.
DISCUSSION
We show here for the first time that glycolytic activity is increased in diaphragm tissue that is noncontractile as a result of full mechanical ventilatory support. We also confirm that the Warburg effect, i.e., the up-regulation of glycolysis, is present in lung adenocarcinoma, and we show that the rate-limiting glycolytic enzyme PFKm is induced in disused diaphragm, lung cancer, and our in vitro model of oxidative stress (cultured myotubes treated with H 2 O 2 ). Finally, we demonstrate that the up-regulation of glycolysis in these widely divergent biological systems share a regulatory apparatus composed of microRNA-320a and Ets-1 (Fig. 7) .
The prolonged use of MV has been demonstrated in both human (22, 28, 29) and animal models (30, 31) to result in diaphragm weakness (VIDD). This weakness is one likely cause of ventilator weaning difficulties that may result in a cascade of additional complications that dramatically increase morbidity, mortality, and costs in intensive care unit patients. The pathogenesis of VIDD appears to include 2 components: diaphragm myofiber atrophy resulting from activation of catabolic cascades; and reduced contractility of myofibers unrelated to atrophy (i.e., reduced specific force). A great deal of attention has been focused on the mechanisms underlying the atrophy component of VIDD (28, 30) , including from our group, while far less attention has been directed to the reduced contractility component.
The identification here of increased glycolysis and lactate accumulation in MV diaphragm represents a potential pathogenetic mechanism for this second, "dysfunction" component of VIDD. Our demonstration of reduced total ATP levels in MV human diaphragm suggests that the demonstrated shift to glycolysis, with its less efficient production of ATP, leaves the diaphragm with a relative lack of energy for contraction. Further, although controversial (32) , intramuscular lactate accumulation itself may contribute to muscle fatigue and dysfunction. In skeletal muscle in vivo, lactate down-regulates the glycolytic enzymes hexokinase (HK) and PFKm (33) . Thus, lactate accumulation may limit the amount of energy that can be produced by glycolysis in compensation for reduced oxidative phosphorylation. Lactate accumulation also inhibits lipolysis, reducing another potential source of energy for diaphragm contraction (34) . The up-regulation of glycolysis in malignant tumors has been termed the Warburg effect. Interestingly, the glycolytic phenotype in MV human diaphragm appears to closely mimic the Warburg effect seen in lung adenocarcinoma. Although glycolysis produces less ATP per glucose molecule than mitochondrial oxidative phosphorylation, glycolysis can provide energy rapidly since it operates at a rate 100 times faster than that of oxidative phosphorylation. In cancer cells, this facilitated glycolysis has been linked to the supply of both energy and of the building blocks for the synthesis of proteins, nucleic acids, and lipids, which are needed for cell proliferation, as well as to lactate-induced microenvironmental acidosis which drives the selection of acidresistant cancer cells that are thought to contribute to proliferation and invasion (35) .
In disused diaphragm, this shift to a glycolytic phenotype may represent a cellular protective mechanism activated to compensate for the reduced energy supply resulting from compromised mitochondria. It remains to be explored whether the increased glycolytic metabolites in disused diaphragm muscle may also supply building blocks for the proliferation of cells near muscle fibers, since it has been reported that limb muscle disuse causes the proliferation of interstitial cells, such as fibroblasts, capillary endothelial cells, and inflammatory cells (36) .
Although we and others (37, 38) have shown that oxidative stress (H 2 O 2 treatment) is able to induce glycolysis in cultured cells, it has also been reported that, in contrast, oxidative stress suppresses glycolysis in some in vitro culture models. For example, H 2 O 2 -induced oxidative stress inhibits glycolysis in astrocyte and U937 cells (39, 40) . The consequences of cellular oxidative stress appear to depend on the sensitivity of the cells studied to H 2 O 2 , as well as the intensity and duration of the H 2 O 2 treatment. The available data suggest that elevation of glycolysis is a cellular adaptive response to milder oxidative stress (sublethal dose of H 2 O 2, ) experienced for a briefer period, under which MiR-320a is altered in microRNA microarray and is also a predicted, broadly conserved microRNA for targeting the 3= UTR of PFKm. C) By TaqMan small RNA assay, miR-320a is down-regulated in MV human diaphragm (nϭ6), human lung adenocarcinoma (nϭ6), and H 2 O 2 -treated muscle cells (nϭ3). D) PFKm expression in cultured muscle cells is regulated by miR-320a. Anti-and pre-miR-320a, respectively, was transfected into C2C12 cells for 3 d. qPCR was performed to measure the levels of intracellular miR-320a, and Western blot was performed to detect PFKm protein. E) PFKm expression in cultured A549 lung cancer cells is regulated by miR-320a. Anti-and pre-miR-320a, respectively, was transfected into A549 cells for 3 d, and Western blot was performed to detected PFKm protein. F) MiR-320a regulates PFKm through the 3= UTR of PFKm. Reporter gene was constructed by inserting the wild-type or the mutated 3=-UTR sequence of the PFKm transcript into the 3= end of the luciferase gene. Mutated sequences are underscored. Reporter gene assay was performed to detect the effect of miR-320a after cotransfection with either anti-or pre-miR-320a (nϭ3). Luciferase value was normalized to ␤-Gal activity from the cotransfected plasmid CS2-␤-Gal. *P Ͻ 0.05, **P Ͻ 0.01.
conditions it may help cells survive the stressful environment. If this hostile condition is sustained or overwhelming, however, the cells appear to lose this adaptive ability and move toward apoptotic pathways (21, 41) .
Beyond the description of the glycolytic phenotype in these 2 biological systems, we have explored in this work the molecular mechanism underlying the development of this phenotype. We identify a novel posttranscriptional regulatory cascade via miR-320a that appears to be important to the activation of glycolysis in both VIDD and the Warburg Effect. MicroRNAs are short RNA molecules (19 to 25 nt), which bind to complementary sequences on target mRNA transcripts, e.g., the 3=-UTR, usually resulting in translational repression and gene silencing, and they are known to play role in oxidative stress and cancer progression (42, 43) . We show that miR-320a is significantly down-regulated in disused diaphragm, lung cancer, and cultured muscle cells subjected to H 2 O 2 -induced oxidative stress. We establish that down-regulated miR-320a results in increased levels of PFKm. PFKm is a crucial rate-limiting enzyme of glycolysis, without which glycolysis, as well as lactate production, are reduced (44) . Although PFKm is a muscle-type PFK, surprisingly we find that it is also significantly induced in lung adenocarcinoma tissues. In addition to PFKm, (D) . E-G) MiR-320a regulates glycolysis in vivo. MiR-320a (320 nmol) was electroporated into TA muscle, together with GFP as reporter. E) Whole TA muscle under fluorescent microscope; white portion is the region of GFP ϩ fibers. GFP ϩ muscle fibers were isolated for both RNA and protein preparation. Quantitative PCR was used to detect the level of miR-320a in skeletal muscle (E), and equal amounts of total proteins were subjected to biochemical assay to detect the level of lactate (F) and Western blot analysis for detection of PFKm (G). Both actin and total protein (Ponceau S staining) are shown as controls. *P Ͻ 0.05. miR-320a is also predicted to target other enzymes in the glycolytic pathway, such as pyruvate dehydrogenase kinase, isoform 3 (PDK3) and fructose-2,6-bisphosphotase (PFKFB2).
MiR-320a regulation of glycolysis may represent a general mechanism underlying other clinical diseases that are associated with changes in energy supply, including other cancers (45) (46) (47) , cardiac and cerebral ischemia (48) , and insulin resistance (49) . With regard to malignancies, others have shown that miR-320a is down-regulated in colorectal (45), pancreatic (47) , and breast cancer (46) . It has also been reported that miR-320a targets transferrin receptor 1 and thus inhibits HL-60 cell proliferation (50) . However, in none of this prior work has a link between miR-320a and glycolysis been made. Since the Warburg effect is thought to be important in many cancers, and since down-regulated miR-320a is associated with the induction of glycolysis in lung adenocarcinoma, we suggest that miR-320a may be directly related to the development of the malignant phenotype.
Ets-1 is a proto-oncogenic transcription factor that is known to be an important regulator of both cancer cell progression and metabolism (27) . Ets-1 responds to oxidative stress by transcriptionally up-regulating many genes involved in energy metabolism (27, 51) . In the current study, we find that Ets-1 protein is up-regulated in disused human diaphragm, lung cancer, and H 2 O 2 -treated muscle cells and that it suppresses the expression of miR-320a and increases PFKm protein expression. These findings are the first to link the function of Ets-1 protein to microRNAs, which may be a crucial step in rapidly and precisely controlling cellular energy metabolism in both cancer cells and disused diaphragm myofibers. Interestingly, miR-320a was recently reported to regulate Ets-2 (52), indicating that Ets family proteins may regulate each other via miR-320a.
Future work will involve blocking miR-320a in tumors and animal models of MV to determine whether this was transfected into Ets-1-overexpressing C2C12 cells, and PFKm expression was detected by Western blot. G) Ets-1 regulates miR-320a promoter activity via Ets conserved site. The 5=-flanking DNA sequence of miR-320a and its Ets site mutated sequence were cloned into luciferase reporter constructs, and each was cotransfected with the Ets-1 expression vector. Luciferase assay was performed to detect the promoter activity normalized to the cotransfected CS2-␤-Gal activity (nϭ3 prevents up-regulation of glycolysis and the associated pathophysiology. One might also examine miR-320a in still other biological situations in which glycolysis is up-regulated to determine whether this is, in fact, a regulatory mechanism that controls glycolysis more broadly within nature. This study advances the understanding of the pathophysiology of cancer and VIDD, and it suggests possible therapeutic avenues against disuse-associated muscle dysfunction and malignancy. In VIDD, a therapy that addresses both the atrophy and the dysfunction components of this process is likely to be most successful in avoiding ventilator-weaning problems and subsequent complications. Since oxidative stress appears to serve as a key event activating both the catabolic cascade and the shift to less efficient energy production, we believe that the use of mitochondria-targeted antioxidants to block both of these pathways may be valuable. This concept was tested in a recent publication (53) and indeed achieved promising results. In malignancy, blocking glycolysis could deprive cancers of a pathway that likely provides both an alternative energy supply and important building blocks for synthesis that allow cancer cell proliferation. Figure 7 . Schematic diagram of our proposed mechanism of the common regulation of glycolysis in lung adenocarcinoma and disused diaphragm muscle. Mitochondrial oxidative stress is a common to lung cancer, disused diaphragm muscle and H 2 O 2 -treated muscle cells. Ets-1 is induced by oxidative stress and suppresses miR-320a. Consequently, PFKm is induced, leading to partial compensation for the loss of ATP generation that results from mitochondrial dysfunction.
